Purpose Crop wastes are underused organic resources due to low heating value and slow decomposition rates. However, conversion to biochar through pyrolysis could offer agronomic and environmental benefits. The study compared the pyrolysis of biochar from crop wastes, assessed their physicochemical properties for the purposeful use to improve soil fertility, crop productivity and their carbon sequestration potential. Methods Biochar was produced from crop wastes such as cassava residues, corncobs, rice husk, sawdust, coffee husk, and peanut using an Elsa barrel pyrolyser. . This implies that the concept and technique of producing biochar could be a valuable way of reducing carbon emissions into the atmosphere thereby mitigating climate change. Conclusion Crop wastes and by-products which constitute a nuisance could be used to produce a very useful by-product, biochar whose quality depends on the substrate from which it is produced. Recycling crop wastes to biochar is strongly recommended to smallholder farmers for use in agriculture to improve fertility and crop productivity due to their high nutrient content and soil fertility attributes.
Introduction
Currently, a large percentage of organic resources produced globally are inefficiently used and not recycled (Rajaie and Tavakoly 2016) . In Cameroon for example, food crops such as maize (Zea mays), rice (Orita sativa) and cassava (Manihot esculenta Crantz) are widely cultivated for subsistence alongside vegetables such as amaranth (Amaranthus cruentus) (Njukwe et al. 2014; Tata et al. 2016) . These food crops generate wastes such as corncob, rice husk and groundnut husk which are not used as fuel because of their low heating value and the volume of smoke produced (Kung et al. 2015; Kumer et al. 2015) . Low bulk density and slow decomposition also limit their use in agriculture as a soil amendment (Steiner et al. 2010; Enders et al. 2012 ) whereas they contain appreciable quantities of soil nutrients such as N, P, K which could offer both agronomic and environmental benefits (Lin et al. 2012; Chaudhuri et al. 2016) .
Coffee husk and pulp, rice husk and straw and corncob and stover are commonly burned in the field, dumped in waterways or piled to rot around processing units (Draper and Tomlinson 2015) . These disposal approaches lead to air pollution, eutrophication of water resources with toxic 1 3 algal blooms resulting from leaching of nutrients in the wastes (Dotaniya et al. 2016; Rajaie and Tavakoly 2016) . According to the International Biochar Initiative (2016), natural decomposition of crop wastes account for about 10% global methane emissions (CH 4 ) and 1% nitrous oxide emissions. Open burning has been estimated to contribute about 40 Mt CO 2 equivalents (International Biochar Initiative 2016; Kung et al. 2015; Kumer et al. 2015) . Biochar is a carbon-rich material produced by pyrolysis (thermochemical conversion) of organic materials such as agricultural residues of plant and animal origin, forestry and wastes from food-related industries in a controlled low-oxygen environment (Steiner et al. 2010; Sohi et al. 2010; Shackley et al. 2011 ). This process known as pyrolysis has recently attracted attention as a means to add value to organic wastes for agricultural use (Rafiq et al. 2016) . Studies have shown that biochar has physiochemical properties suitable for soil improvement and reduction of carbon dioxide emissions in the environment (Kumer et al. 2015) . When added to acidic soils, biochar like other organic fertilizers (green manure, animal manure and compost) influences soil characteristics such as soil pH and bulk density (Djousse et al. 2016; Siamak et al. 2017) . Studies have shown that adding biochar to soils increases soil organic matter (SOM) and organic carbon which then enhances nutrient supply to plants and promote plant growth (Weyers and Spokas 2014; Dotaniya et al. 2016) . Growing interest in biochar has also been associated with its carbon sequestration ability, to reduce CO 2 emissions by slowing down the return of photosynthetically fixed carbon to the atmosphere . This can in the long run assist developing countries like Cameroon to meet its 35% greenhouse gas emission reduction target by 2035 (Homagain et al. 2016) . However, the choice of the pyrolyser can compromise the quality and quantity of the biochar produced as well as their adoption by farmers (Abrishamkesh et al. 2015; Hussein et al. 2015; Rajaie and Tavakoly 2016) . Table 1 compares the advantages and disadvantages of different pyrolysers used to produce biochar.
The design of biomass carbonizers, gasifiers or pyrolysers is an emerging concept that will add value to wastes and attract large and small-scale farmers to adopt biochar (Hussein et al. 2015) . It is also important to document the characteristic of biochar produced from crop wastes to ensure their safety and suitability for use in agriculture as soil amendments and in Environmental management as a tool to mitigate climate change and wastes problems (Shackley et al. 2011) . Therefore, the main objective of this study was to assess the physico-chemical properties of biochar produced from crop wastes for their purposeful use in enhancing soil fertility and mitigating climate change. The specific objectives were: (1) compare the pyrolysis of biochar from different crop wastes, and (2) to assess their carbon sequestration potential. The study hypothesized that carbonizing crop wastes generates nutrient-rich biochars with high fertilization and carbon sequestration potential. 
Materials and methods

Location of study site
The study was carried out at the IRAD Nkolbisson experimental field site, located in the Center Region of Cameroon between latitude 03°51′N and longitude 11°27′E at an altitude of 300 m above sea level. At Nkolbisson, the climate is humid tropical equatorial type with bimodal rainfall pattern. The area is characterized by average annual rainfall of 1670 mm and average annual temperature of 23.5 °C. The main soil type in the study area is rhodic ferralsol which is generally acidic, low in organic matter and deficient in exchangeable cation (Yerima and Van Ranst 2005) . The livelihood activity comes from agriculture, hunting and harvesting of non-timber forest products (Tata et al. 2016) . The main cash crops cultivated include; coffee and cocoa while maize, cassava, yam and bean mixed crop cropping are also practiced (Ngome et al. 2013 ).
Sources of crop waste, collection and preparation
Crop wastes used in the study were the most available and accessible wastes in the study area with high potential to negatively impact the environment. These include; sawdust, rice husk, coffee and groundnut husk, cassava and corncobs. Apart from the chemical composition of feedstock, the availability of drying and storage facilities and means of transportation were also taken into account (Abrishamkesh et al. 2015; Djousse et al. 2016) . Furthermore, competition for other uses of each waste was also considered among their multiple uses since crop wastes such as sawdust and corncobs were the major energy sources providing domestic energy in the study area. Cassava residues (leftovers of roots and stems of cassava after the edible parts mainly the starchy tuberous roots have been harvested on the farm), was collected from IRAD experimental farm in Nkolbisson. The material was then cut into small pieces and piled in a greenhouse to dry. Corncob was sourced from IRAD maize store house in Nkolbisson and Dschang located in the Western highland agroecological zone. Rice husk was collected from rice mill waste streams in the city of Bamenda and Sanchou, Dschang located in the Western highland agroecological zone and transported to Nkolbisson. Coffee husk was transported from a coffee agro-processing unit in Sanchou, Dschang in the Western highland agroecological zone. Sawdust was collected from sawmill waste streams around Yaoundé city in the humid forest zone with bimodal rainfall pattern. The wastes were sun dried to < 25% moisture. No specific permission was required before collection because these were waste products having no use for the owners.
Production of biochar from crop waste
Approximately 400 kg of each crop waste (feed stock) was sourced. Three Elsa barrels were constructed and used to produce the biochar (Fig. 1a) . The experiment was run several times in a completely randomized design. The feed stocks were packed in the barrels on a dry weight basis. The Elsa barrel was a 250-l metal cylinder opened on one end with a removable circular steel plate (Fig. 1a) . The open end was perforated to supply secondary air required for the combustion. The perforations were made with 3 cm L-shaped holes separated by spacing of 3 cm. Equally 3 cm plus mark holes were perforated on the closed end of the barrel for supplying primary air. The removable steel plate was also perforated with additional brass fittings for chimney. Semicircular metal arms were fixed on both sides of the barrel to facilitate transportation and emptying of the barrel. The pyrolysis process began when the feedstock were packed in the barrel and then ignited by spreading small amount of a starter fluid (kerosene) over the top of the feedstock and touched off with a glowing match stick so that the top lights uniformly (Fig. 1c) . Once the top layer was lit, the circular steel plate was then placed on the open end and the chimney added (Fig. 1) . Shortly, combustion begins carbonizing the feedstock descending towards the closed end of the barrel. The low oxygen in the system prevented the complete burning of the feedstock and produced biochar via the process of carbonization (Djousse et al. 2016) . The exothermic process that occurred during the process from secondary combustion in the charred pellet bed (Olivier 2010; Hussein et al. 2015) was detected through a thin colorless smoke coming out of the chimney. When the pyrolysis flames reached the bottom or closed end of the barrel, smoke, red pyrolysis flame illuminating and biochar particles were seen falling off through the plus marking holes at the bottom of the barrel. At this point, all the feedstock had been converted to biochar and pyrolysis ended. Afterwards, the biochar was then poured out on a clean surface and the flame in the biochar extinguished with clean water (Fig. 1) .
Characterization of biochar
The carbonization time was determined by measuring the time, the feedstock in the barrel was lit and the time the barrel was emptied of the biochar. Carbonization temperature was monitored using HANNA HI-935005k-thermocouple from the surface of the barrel (Billa et al. 2017) . The quantity feedstock and the resultant biochar produced were measured using an electronic balance. Then 500 g sample of each biochar was milled and passed through a 2-mm sieve and 1 3 packed in plastic bags for analyses in the laboratory. The physicochemical characteristics of the biochars samples were analyzed in the Laboratory for Plant, Soil and Water Analysis (LAPSEE) at IRAD Nkolbisson, Cameroon. Moisture content was evaluated by drying a 100 g subsample in an oven at 105 °C to constant weight (ASTM 2009 Biochar production from selected crop wastes using the Elsa pyrolysis barrel. Source: Billa et al. (2017) bulk density was determined using the core method while pH was measured with a glass electrode in a 1:5 biochar water ratio (ASTM 2009). Organic carbon was determined by chromic acid digestion and spectrophotometric analysis (Heanes 1984) . Total N was determined by a wet acid digestion method and analyzed by colorimetric analysis (Anderson and Ingram 1993) . Available phosphorus was extracted using Bray extractant and analyzed using the molybdate blue procedure (Murphy and Riley 1962) . Exchangeable cations (Mg, Ca, Na and K) were extracted using the ammonium acetate (NH 4 OAC, pH: 7) and determined by flame atomic absorption spectrophotometry (ASTM 2009). Cation exchange capacity (CEC) was determined using ammonium acetate.
Estimation of the CO 2 reduction potential of the biochar
The amount of CO 2 (CO 2 eq kg −1 ) that would have been emitted in to the atmosphere, if the crop waste had decomposed naturally or openly burned was also estimated (Sohi et al. 2010) . Biochar yield (Eq. 1) was calculated as the ratio of the weight of biochar (M2) to the weight of feedstock (M1) (Allyson 2011) .
Further, the total potential carbon (TPC) was calculated by multiplying of the biochar yield and the total carbon content obtained from laboratory analysis (Sandip and Harsha 2013) (Eq. 2).
Finally, the carbon dioxide reduction potential (CO 2 eq kg −1 ) was estimated by multiplying the total potential carbon by the carbon stability coefficient (80%) and CO 2 fraction (molecular mass of CO 2 (44 g mole −1
) and the mass of carbon (12 g mole −1 ) (Allyson 2011) (Eq. 3).
(1)
(2) TPC = biochar yield × carbon content of biochar. 
Statistical analysis
All data collected were subjected to analysis of variance (ANOVA), using the IBM SPSS Statistics 20.0 software. Results were expressed as means while the means were compared using Tukey test at 5% threshold level. Pearson correlation at 0.01 and 0.05, respectively, was used to highlight the relationships between the parameters. Preparation and computation of graphs, figures and tables were done in Microsoft Excel 2010.
Results and discussion
Efficiency of the pyrolysis unit
The result from the biochar production study showed that many types of crop wastes can be effectively converted to biochar using the Elsa barrel compared to other methods such as the Japan retort method (Fig. 1d) where only rice husk could be carbonized. Table 2 shows the pyrolysis conditions during the production of biochar from forestry and crop wastes using the Elsa barrel. From Table 2 , carbonization time and temperature varied significantly (P < 0.05) for each crop waste (feedstock). The carbonization temperature (measured using a k-type thermocouple) was highest for corncob (620 °C). This observation is in line with studies carried out by Peng et al. (2011) of various crop residues pyrolysed under similar conditions. The short retention time and high temperature also showed that pyrolysis was fast. The Elsa barrel could only take a maximum quantity of 5 kg for rice husk and approximately 48 min to produce 2 kg of biochar. The short carbonization time for rice husk, coffee and groundnut husk could be due to the small quantity, dry, brittle nature and less dense material which burn much easier and faster as compared to the densely packed and woody biomass corncob and cassava which required high temperature and longer carbonization time (Joseph et al. 2013; Domingues et al. 2017) .
Biochar yield refers to the percentage of usable material (biochar) recovered from a given crop waste or residue (Joseph et al. 2013) . From Table 2 , rice husk biochar (RHb) recorded the highest yield (46.43%) and was significantly different (P < 0.05) from the other biochars except coffee biochar with yield of 45.83%. It was also observed that biochar yield decreased as the pyrolysis temperature increased (Table 2) . Cassava and corncob biochar recorded the lowest yield of 26.88% and 31.44%, respectively. The high yield of rice husk biochar could be due to the partial burning of the residue as a result of the hard compact shell of rice husk (Domingues et al. 2017) . Rice husk has high silicon content (Si) and therefore, the high yield of rice husk could be due to the endothermic reaction of silicon-carbon bonds which is difficult to break with the low temperature (Guo and Chen 2014) . The low biochar yield of corncobs and cassava could be due to the complete burning of lignocellulose material due to high pyrolysis temperature according to Domingues et al. (2017) .
Ash, moisture and volatile matter of the biochars after pyrolysis Table 3 presents the ash, volatile matter, moisture and bulk density of the biochar issued from the various crop wastes carbonized. From Table 3 , biochar from corncob had significantly high ash content (23.4%). Ash from organic waste is rich in potassium, calcium and magnesium which are suitable for plant growth (Weyers and Spokas 2014) . The ash content in the biochar increased with temperature with a positive significant correlation coefficient of 0.439 * at P < 0.01 (Table 4 ). This could be due to the high organic and inorganic products released during the pyrolysis . Biochars produced at lower temperatures contain large quantities of volatile matter (Table 3 ). The increase in volatile matter (r = 0.642 ** , Table 4) could be due to modification the functional groups by pyrolysis temperatures (Domingues et al. 2017 ). Volatile matter is composed of easily degradable aliphatic carbon compounds with C-H (750-900 cm −1 ) and C-O (2950-2850 cm −1 ) stretching (Jindo et al. 2014 ). Consequently, these biochars could be suitable for use as soil amendment to improve soil fertility as they contain substrates which are suitable source of carbon and energy for soil microorganisms (Khodadad et al. 2011; Lehmann et al. 2011 ). Higher-temperature pyrolysis destroys suitable functional groups and produces aromatic carbon compounds with C-H, C=C, C-C, and C-O stretching (3050-3000 cm −1 , 1380-1450 cm −1 and 1580-1700 cm −1
) that are highly recalcitrant and decompose slowly (Jindo et al. 2014) . Such biochars (cassava and corncobs) according to Peng et al. (2011) are suitable for carbon sequestration.
Results from Table 3 also shows that the bulk density (BD) of the biochars were very low (max. 0.24 g cm −3 ), close to the values for peat and soil organic matter (Lin et al. 2012; Rajkovich et al. 2012) . The bulk densities were also significantly lower than the acidic soils of the study area (1.42 g cm −3 ) (Billa et al. 2017) . The low bulk density in especially rice husk, groundnut and sawdust biochar indicates that addition of the biochar to compact soils would increase soil aeration, water infiltration, and root penetration (Ameloot et al. 2013; Djousse et al. 2016 ) but, may increase transportation costs as the case for rice husk, groundnut husk and coffee (Rajkovich et al. 2012) . Moisture content was in the order of sawdust (11.6%) > rice husk (11%) > coffee husk (9.6%), > groundnut husk (9.4%) > cassava (9.6%) > and corncobs (9.6%). Biochar with high moisture content will retain more water and create a suitable environment for microbial activity and plant growth (Lehmann et al. 2011; Ameloot et al. 2013) . Table 4 shows the correlation matrix among the physical properties biochar derived from crop wastes.
Biochar pH
The most important chemical difference between biochar and other organic amendments is the pH (Lehmann et al. 2011) . The resulting pH of the biochars ranged from slightly alkaline (7.78) to very alkaline (10.81) units (Fig. 2) .
The pH was also observed to increase with carbonization temperature (r = 0.911**, Table 5 ) due to the production of ash during pyrolysis (Lehmann et al. 2011; Enders et al. 2012) . The high pH of the biochars in Fig. 2 (Weyers and Spokas 2014; Domingues et al. 2017 ). Variability in pH causes changes in the availability of hydrogen, iron and aluminum ions which affects the interaction and transport of water and nutrients across the plants cell membrane (Bayu et al. 2015) . For example, under acidic soil conditions, precipitation reactions occur between inorganic phosphorus (HPO 4 2− ) with aluminum (Al) and iron (Fe) forming Al-P and Fe-P minerals rendering P unavailable to plants (Bayu et al. 2015) . Baronti et al. (2014) reported that soils with higher pH tend to increase P availability by decreasing Al +3 and H + ions in cation exchange sites. It could be reasonably assumed that adding these biochars to acidic soils will likely create and favorable chemical environment through precipitation, biosorption, speciation, complexation and hydrolysis process for plant roots in their growing medium (Sohi et al. 2010; Peng et al. 2011; Rajaie and Tavakoly 2016) . As such, the use of biochar from crop wastes should be kept in mind when planning soil nutrient management programs.
Cation exchange capacity (CEC)
Cation exchange capacity (CEC) is a measure of the ability of a soil to hold exchangeable cations such as calcium (Ca 2+ ), magnesium (Mg 2+ ), potassium (K + ), and sodium (Na + ) while the electrical conductivity (EC) signifies the level of soluble salts in a sample. Figure 3 presents the CEC and EC of biochar pyrolysed from crop wastes. The CEC was significant and varied between 15.20 and 19.53 cmol kg −1 (Fig. 3) . The CEC was significantly low in sawdust and coffee husk waste biochars, respectively. However, biochar produced from cassava cuttings at 600 °C had the highest CEC value (19.53 cmol kg −1 ). The CEC of the biochar was also correlated with temperature (r = 0.588**, Table 5 ), and organic matter content (r = 0.740**, Table 5 ). The observed high CEC could be attributed to the high negative charge potential of surface functional groups such as ketones, aldehydes and carboxylic acids produced during pyrolysis (Kung et al. 2015) . Kung et al. (2015) also observed high CEC of biochar and explained that CEC value was due to the presence of acid functional groups. One can convincingly conclude that, soils amended with biochar will have a high CEC which will provide optimum exchange between the nutrients in soil and plant roots.
Studies have shown that salt stress or salinity negatively influence the growth and productivity of crops by reducing the accumulation of Na + in the seedlings, increasing chlorophyll loss and reduced photosynthesis efficiency (Hasanpour et al. 2014; Siamak et al. 2017) . The low EC value in the biochar (Fig. 3) could be attributed to NH 4 + volatilization and the release of humic substances caused by the high pyrolysis temperature (Kung et al. 2015; Rafiq et al. 2016) . None of the biochars had salinity levels that could reduce transportation of water and nutrients into the plants when added to the soil. As depicted by Hasanpour et al. (2014) and Siamak et al. (2017) , addition of these biochar to saline soils will eliminate potassium and phosphorus deficiency problems; reduce Na + agglomeration and enhance the activities of antioxidant enzymes thereby increasing the nutrient uptake by plant roots. ) and organic matter content (g kg −1
) of biochar samples
Plant nutrients of concern in the humid forest agroecological of Cameroon include; nitrogen, carbon, phosphorus, potassium, calcium, and magnesium (Ngome et al. 2013; Billa et al. 2017 ). The organic carbon content of the biochars varied from 57.59 to 93.38 g kg −1 (Fig. 4a) . From Fig. 4a , cassava biochar had the highest carbon content (93.38 g kg −1 ) and was significantly different (P < 0.05) from the other biochars. There was no significant difference to Tukey test at P > 0.05. CSb cassava biochar, CCb corncob biochar, RHb rice husk biochar, CHb coffee husk biochar, SDb saw dust biochar, GHb groundnut husk biochar (P > 0.05) between corncobs, sawdust and coffee biochar (Fig. 4a) . Considering the high C content, it could be concluded that in soils with very low organic material, the addition of biochar could be a fast, inexpensive and convenient solution to improve soil carbon content. These findings follow the same trend with those of Enders et al. (2012) regarding the carbon content and stability of biochar. Cassava generally has high carbohydrate content (31.6%) which may have influenced the high carbon content in the biochar.
The result in Fig. 4b depicts that biochar produced from cassava, corncob and coffee husk contained more organic matter than rice husk, groundnut husk and sawdust. The organic matter content was also positively correlated (r = 0.610**, P < 0.05, Table 5 ) with carbonization temperature. This variation may be attributed to the high accumulation of organic matter by the plants Kung et al. 2015) . Organic matter is rich in essential soil nutrients required for the production of cereal, vegetable, legume and tuber crops (Chaudhuri et al. 2016; Billa et al. 2017) . Based on the results of this study, the purposive use of biochar in agriculture is central to maintain the buildup of soil organic matter (Chaudhuri et al. 2016 ) especially in regions with low soil organic matter as the case of the humid forest agroecological zone (Billa et al. 2017 ). Figure 5 highlights the nitrogen content in biochar produced from crop wastes.
Total nitrogen
From Fig. 5 , biochar produced from groundnut husk had the highest nitrogen (N) content of 11.34 g kg −1 , followed by sawdust (7.84 g kg −1 ). The low nitrogen content are observed in cassava biochar (4.01 g kg −1 ), and corncob (4.17 g kg −1 ) which contain approximately same amount of nitrogen. There was a significant difference (P < 0.05) in the total N content amongst the biochars which was also positively correlated (r = 0.610**, P < 0.05) with temperature. The low nitrogen in these biochars could be due to nitrogen volatilization during pyrolysis (Rafiq et al. 2016) . The N content in rice husk (4.86 g kg −1 ) could be due to reduced volatilization as a result of low temperature. The significantly higher Nitrogen content in groundnut husk biochar could be due to the inherent characteristic of high nitrogen uptake by the plant (Kung et al. 2015) . Djousse et al. (2016) investigated the influence of pyrolysis temperature on Eucalyptus bark and corncob biochar and observed similar patterns. However, the N values in the biochar samples were higher those of the soils in the humid forest area (Billa et al. 2017) . The results show that it is time change the fertilization policy in the humid forest area. Biochar could be progressively added to reduce the use of dolomitic lime (30% CaO, 20% MgO), (Baronti et al. 2014; Chaudhuri et al. 2016) .
Available phosphorus and exchangeable cations
The analysis of the biochars (Table 6) showed that, biochar could be an affordable local alternative to commercial liming material to ameliorate soil acidity (Bayu et al. 2015) . The levels of available P in the biochar were optimum (Table 6 ). This could be due changes of the organic P in the residues into inorganic P during pyrolysis (Ameloot et al. 2013) . Groundnut husk biochar (GHb) recorded the highest available phosphorus content and exchangeable cation and was also significantly different (P < 0.05) from the other biochars (Table 6 ). Available P contents the biochars were higher than that of the soil of the study area (Billa et al. 2017) . However, P content had a non-significant correlation with carbonization temperature (r = − 0.061, P > 0.01, Table 5 ). The exchangeable cations (Ca + , Mg 2+ , and Na + ) contents in the biochars were higher than those of the adjacent soils of the study area (Billa et al. 2017) . Soil acidity is due to one of the following factors: calcium or magnesium deficiency, aluminum and manganese toxicity or where hydrogen concentrations may inhibit or reverse cations uptake by plant roots (Baronti et al. 2014; Bayu et al. 2015) . Also, the fixation and/or entrapment at specific sites between clay layers tend to be higher under acid conditions due to the presence of soluble aluminum that occupies the binding sites (Baronti et al. 2014 ). As liming is very expensive for most smallholder farmers, the use of biochar produced from these crop wastes could supply the required Ca + and Mg 2+ which is more economical than calcitic lime or high calcium lime (50-56% CaO, 1-4% MgO), dolomitic lime (30% CaO, 20% MgO), gypsum (CaSO 4 ·2H 2 O) and hydrated lime (60% CaO, 12% MgO) (Baronti et al. 2014; Dotaniya et al. 2016) . Also biochar issued from coffee, groundnut and rice husk would be a suitable biochar to enhance K, Ca, Mg, and Na availability, respectively (Baronti et al. 2014; Bayu et al. 2015) . In addition, other properties of biochar such as bulk density, moisture and nutrient retention, and high CEC could help improve soil functions, as microbial activity and soil structure (Baronti et al. 2014; Chaudhuri et al. 2016) . Therefore, the production of food crops such as cassava, rice and maize in the humid forest agroecological zone could be increased through the addition of biochar. Adamu et al. (2014) define crop waste or residues as stems, leaves, roots and other plant parts (e.g., straws, stover and haulms) that are usually abandoned in the field after harvesting or piled around processing units after processing (e.g., groundnut shells, rice husks, corncobs, and coffee husk). Table 7 shows the quantity of plant nutrient in the residues of some cereals, legume, roots and tuber crops. Table 7 shows that crop wastes contain large quantities of both N, P and K. During plant growth and development, a large percentage about 25% of nitrogen (N) and phosphorus (P), and 75% of potassium (K) uptake by agricultural crops are retained in crop residues, making them valuable nutrient sources Adamu et al. 2014; Kumer et al. 2015) . Open burning of crop wastes contributes significant greenhouse gas (GHG) emissions, such as carbon dioxide, monoxide, nitrous oxide (N 2 O), sulphur dioxide (SO 2 ), methane (CH 4 ) along with particulate matter and hydrocarbons (Adamu et al. 2014) . These trace gases have adverse impacts on air pollution and water quality as well as on human and animal health (Kumer et al. 2015) . Open burning also results in the loss of plant nutrients and thus adversely affect soil properties (International Biochar Initiative 2016) . Pyrolysis causes the decomposition of the functional groups and improves other properties such as such as surface area, porosity, adsorption, and recalcitrant chemical character in the biochars (Rajkovich et al. 2012 ). It will therefore be more sustainable to convert crop wastes to biochar for use in agriculture rather than open burning as means of waste disposal.
Nutrient content of some crop wastes in the humid forest
Carbon dioxide emission reduction potential
During plant growth and development, CO 2 is removed from the atmosphere through photosynthesis and converted into starch in the chloroplast (Adamu et al. 2014; Kumer et al. 2015) . However, the same CO 2 is converted back in the atmosphere by natural aerobic decomposition and natural carbon cycles are not adequate enough to handle the billions of metric tons emitted on annual bases (International Biochar Initiative 2016) . Figure 6 shows the quantity of CO 2 (CO 2 eq kg −1 ) captured and stored in biochar that would have been emitted into the atmosphere if the crop wastes had decomposed naturally.
Results in Fig. 6 show that, the quantity of carbon dioxide emissions that can be sequestered if crop residues are carbonized to biochar differed significantly (P < 0.05) and rice husk biochar with 123.10 CO 2 eq kg −1 . These findings correlate with Sandip and Harsha (2013) . Corncob biochar unexpectedly recorded the lowest CO 2 reduction potential 94.46 CO 2 eq kg −1 . Allyson (2011) also obtained lower values for corncobs. The study is also in line with Domingues et al. (2017) that the pyrolysis of crop wastes produces a more stable form of carbon (biochar) which is resistant to natural decomposition and therefore reduces CO 2 emissions (Fig. 6 ). This carbon would have otherwise been rapidly mineralized to carbon dioxide if either left to decompose naturally or burned openly. According to Draper and Tomlinson (2015) and the International Biochar Initiative (2016), biochar production can capture up to 50% of the initial carbon in the original biomass compared to the low amounts retained during open burning (3%) or < 20% after natural decomposition. The results further indicates that cassava biochar (CSb) with highest organic carbon (98.38 g kg −1 ) could be the most preferred biochar amongst the other biochars for mitigating climate change through carbon sequestration (Fig. 6 ). This could be due to large quantity of atmospheric carbon dioxide (331.42 CO 2 eq kg −1 ) converted into a more stable form of organic carbon which is resistant to degradation with a longer residence time (Guo and Chen 2014) . As biological carbon cycles are not adequate enough to handle the billions of metric tons of CO 2 emitted on annual bases, addition of biochar derived from crop wastes could be promoted as a strategy to increase soil carbon (C) sequestration while also mitigating climate change through reducing atmospheric carbon dioxide (CO 2 ) emission (Bayu et al. 2015) .
Conclusion
The biodegradable fraction of products, wastes and residues from agriculture (including green waste and animal manures), forestry and related food processing wastes, as well as the biodegradable fraction of industrial and municipal wastes that cause pollution problems threatening human and environmental health could be used to produce a valuable product, biochar using Elsa pyrolysis technology. Biochar contains essential plant nutrients such as potassium, carbon, and magnesium as well as properties (alkaline pH and high CEC) that could be optimized for used as a soil amendment to improve the fertility of poor and acidic soils and increase crop yields. Biochar issued from coffee, groundnut and rice husk are the most appropriate due to their high K, Ca, Mg, and Na contents. The high carbon content further shows that biochar has the potential to reduce CO 2 emissions in the atmosphere. Therefore, recycling of crop wastes to biochar is strongly recommended to smallholder farmers for use in agriculture to improve fertility and crop productivity while mitigating climate change through carbon sequestration. 
